Thirty-eight healthy women undergoing elective Caesarean section under spinal anaesthesia at term were allocated randomly to receive boluses of either phenylephrine 100 g or ephedrine 5 mg for maintenance of maternal arterial pressure. The indication for administration of vasopressor was a reduction in systolic pressure to -90 % of baseline values.
Hypotension can occur during spinal anaesthesia for Caesarean section despite fluid loading and adoption of the tilted supine position, with consequent risk of fetal acidaemia [1] . Ephedrine is considered the vasopressor of choice for treatment of hypotension although even prophylactic infusion of ephedrine does not reliably prevent maternal hypotension and fetal acidaemia [2] . Alpha-adrenergic agonists are an effective treatment of post-spinal hypotension but their use during pregnancy has been limited by concerns about uteroplacental blood flow (UPBF) [3, 4] . Two previous randomized studies have compared infusion of phenylephrine and ephedrine for prevention of postspinal hypotension [5, 6] ; no difference was found in umbilical artery pH between the groups, although Hall and colleagues [6] found that phenylephrine was less effective in maintaining systolic arterial pressure. Only one previous study has compared boluses of ephedrine or phenylephrine for treatment of post-spinal hypotension [7] . Phenylephrine was found to be equally effective as a vasopressor and its use was not associated with an increase in fetal acidaemia. However, maternal haemodynamic assessment was confined to measurement of arterial pressure.
Combined cross-sectional and Doppler echocardiography provides an accurate non-invasive method of measuring cardiac output (CO) in pregnancy [8, 9] . Doppler ultrasound can also be used to assess the fetal umbilical circulation and umbilical artery flow velocity waveform indices have been shown to be superior to cardiotocography in predicting fetal compromise [10] . It has been shown previously that changes in both of these variables, unlike changes in arterial pressure, correlate with umbilical artery pH at delivery [11] .
The purpose of this study was to compare maternal and fetal haemodynamic changes, and umbilical artery pH, in subjects allocated randomly to receive phenylephrine or ephedrine for treatment of hypotension during spinal anaesthesia for elective Caesarean section. written consent. We studied 40 healthy women with an uncomplicated singleton pregnancy undergoing elective Caesarean section at term. The number of subjects was calculated to detect a difference in umbilical artery pH of 0.05 units as being significant at the 5 % level with 80 % power [12] . For the power calculation, we assumed a standard deviation of 0.05 pH units [13] . Randomization using opaque envelopes was performed by the pharmacy department which then issued coded 10-ml syringes containing either ephedrine 5 mg ml 91 or phenylephrine 100 g ml
91
. Two subjects were excluded after randomization because of failure to obtain satisfactory Doppler waveforms. Characteristics of the 38 subjects studied are shown in table 1.
Each subject received oral ranitidine 150 mg on the evening before and on the morning of surgery. A volume of 30 ml sodium citrate 0.3 mol litre 91 was given before induction of spinal anaesthesia. Ringer lactate solution 1500 ml was infused rapidly through a 14-gauge i.v. cannula and continued thereafter at a rate of approximately 10-15 ml min
. With patients in the sitting position 2.5 ml of bupivacaine 0.5 % with 8.0 % dextrose was given via a 24-gauge Sprotte needle at either L2-3 or L3-4. Immediately after administration of local anaesthetic solution the patient was placed in a full right lateral position for 2 min. The subject was then rolled transiently into full left lateral position before being placed in the left modified supine position until delivery. Dermatomal level of anaesthesia was assessed by thermal discrimination 15 min after induction of anaesthesia. Inspired air was supplemented with oxygen at 5 litre min 91 from induction of anaesthesia until clamping of the umbilical cord.
Arterial pressure was measured by an automated oscillometric technique (Accutor). Baseline systolic arterial pressure (SAP) was taken as the lowest of six readings during rest before induction of anaesthesia. After injection of local anaesthetic arterial pressure was measured at 1-min intervals. Whenever SAP decreased to less than 90 % of the baseline 1 ml of vasopressor was administered. Maternal heart rate was monitored using finger pulse oximetry. On each occasion that maternal heart rate decreased to below 60 min 91 atropine 0.3 mg i.v. was administered. Maternal ascending aortic flow velocities were recorded in the left modified supine position using a 2 MHz continuous wave Doppler transducer (Doptek) placed in the suprasternal notch [8] . Recordings were made before and after fluid preloading, and then at 3, 5, 7, 9, 11, 13 and 15 min after administration of intrathecal bupivacaine. A spectral analyser performed fast Fourier transform analysis of the Doppler signal and the output was converted to velocity according to the Doppler equation. The angulation of the ultrasound beam was adjusted until the highest velocities with the least spectral dispersion were obtained; these were then stored in the computer memory and it was assumed that the recorded velocities were those at the aortic orifice and that the beam was parallel with flow. Heart rate (HR) and systolic velocity integral (area under the velocity curve) were calculated automatically by the computer. For the systolic velocity integral (SVI) calculations were made using 15/16 of the maximum frequency in order to exclude high-frequency artefacts. Minute distance (the product of HR and SVI) was averaged over 4-6 consecutive cardiac cycles. Systolic aortic annulus diameter was measured in the parasternal long axis plane using a 5-MHz crosssectional transducer (Hewlett-Packard). Diameters were measured from the leading edge of the anterior wall to the leading edge of the posterior wall [8] . The average of three measurements before anaesthesia was used to calculate aortic cross-sectional area and this value was used for all calculations of cardiac output. Cardiac output was calculated as the product of minute distance and aortic cross-sectional area.
Umbilical artery flow velocity waveforms were measured using a 4-MHz continuous wave Doppler transducer [14] . Fast Fourier transform analysis of the Doppler signal was performed by a separate spectral analyser (Doptek). Fetal heart rate (FHR) and pulsatility index (PI), the difference between peak systolic and end diastolic velocities divided by the average velocity [15] were calculated automatically with the computer. The average of 4-6 consecutive cycles was used for each determination. Umbilical artery PI was measured before and then 15 min after spinal anaesthesia.
At delivery the umbilical cord was doubleclamped and 1-ml samples of umbilical vein and artery blood obtained. Each sample was heparinized with 0.1 ml of heparin (1000 iu ml
) and acid/base analysis performed within 5 min of cord clamping (Radiometer ABL-30). Apgar scores at 1 and 5 min after delivery were recorded by the attending paediatrician, who was unaware of the vasopressor used.
STATISTICAL ANALYSIS
Differences between groups were compared using Student's t-test for normally distributed data, and the Mann-Whitney test for non-parametric data. Comparison of proportions was performed using Fisher's exact test. Repeated measures analysis of variance was performed for each haemodynamic variable. To overcome the problem of multiple significance testing the differences between time points within the two groups were compared using the Studentized range at the 5 % level:
where q (v) : critical value for comparing two time points; s 2 : residual mean square with v degrees of freedom, n : number of subjects. The association between the number of doses of vasopressor and umbilical artery pH was assessed by Pearson's correlation coefficient. Results are presented as mean (95 % confidence interval), except where stated.
Results
Sensory block to T2-T4 was produced in all subjects by 20 min after injection of bupivacaine. There was no significant difference in the mean uterine incision to delivery (UD) interval in the two groups (ephedrine: median 72 [range 30-236] s, phenylephrine: median 57 [range 20-161] s). One subject in the ephedrine group had a UD interval of 9 180 s, although the umbilical artery pH was normal (7.26).
Baseline haemodynamic measurements were similar in both groups (table 2). Cardiac output increased after fluid pre-loading in both groups. The maximum decrease in haemodynamic measurements, expressed as a percentage of the baseline value, is shown in table 2. Although there were no significant dif- Figure 1 Mean percentage changes in systolic arterial pressure (SAP), heart rate (HR) and cardiac output (CO) from baseline values after induction of spinal anaesthesia in the ephedrine ( ) and phenylephrine ( ) groups, together with the respective Studentized ranges.
ferences in systolic pressure and CO, the maximum reduction in HR was greater in the phenylephrine group. As a result, more women required atropine (11/19, P : 0.005). The frequency of hypotension (SAP : 80 % of baseline) and the requirement for vasopressor treatment was similar in the two groups (table 2) . The mean percentage changes in SAP, HR and CO after induction of spinal anaesthesia in the two groups, together with the respective Studentized ranges, are shown in figure 1. Systolic arterial pressure was reduced at 6-7 min in the ephedrine group, and at 4-6 min in the phenylephrine group. After an initial increase heart rate decreased in both groups. There was no significant change in cardiac output in either group.
Fetal data are presented in table 3. Umbilical artery pH was significantly higher in the phenylephrine group. Only one infant (in the ephedrine group) had an umbilical artery pH below 7.20. No apparent relationship was observed between umbilical artery pH and maximum percentage change in SAP (ephedrine r : 0.08, phenylephrine r : 0.38) or maximum percentage change in CO (ephedrine r : 0.42, phenylephrine r : 0.15). Baseline umbilical artery PI and fetal heart rate were comparable in the two groups. There was a small but statistically significant reduction in fetal heart rate in the phenylephrine group. No infants had Apgar scores of less than 7 at each time point.
The relationship between the number of doses of vasopressor required and umbilical artery pH is shown in figure 2 . There was no significant correlation between the number of doses of either vasopressor and umbilical artery pH (ephedrine r : 90.11, phenylephrine r : 90.22).
Discussion
Hypotension is the most important complication of spinal anaesthesia and prompt effective treatment is considered essential to prevent fetal acidaemia. The results of the present study suggest that phenylephrine is as effective as ephedrine in restoring maternal arterial pressure during spinal anaesthesia and does not have detrimental effects on fetal haemodynamic state or umbilical artery pH. Although the incidence of maternal bradycardia was increased in women given phenylephrine there were no significant differences in maternal cardiac output between the two groups.
The present results confirm those reported in several previous studies [5] [6] [7] on the safety of phenylephrine in pregnancy. Alahuhta and colleagues [5] gave an initial bolus of ephedrine 5 mg or phenylephrine 100 g when sensory analgesia had reached T5. This was followed by an infusion of 50 mg h 91 and 1000 g h 91 respectively with further boluses if systolic arterial pressure decreased by 10 mm Hg from baseline. Although uteroplacental PI values increased following administration of phenylephrine (mean dose 488 (range 334-767) g) there was no change in fetal heart rate or fetal Doppler indices. Umbilical artery pH was similar in both groups. Hall and colleagues [6] compared a prophylactic infusion of phenylephrine 10 g min 91 with ephedrine 1 or 2 mg min 91 supplemented by 20-g or 6-mg boluses respectively if systolic arterial pressure decreased by 20 % from baseline. Although phenylephrine (mean dose 490 (range 300-680) g) was less effective in maintaining systolic arterial pressure the umbilical artery pH was comparable in all three groups. Moran and colleagues [7] gave ephedrine 5-10 mg or phenylephrine 40-80 g when systolic arterial pressure decreased by more than 5 mm Hg from baseline values. Boluses were repeated to maintain systolic arterial pressure above 100 mm Hg. Phenylephrine (total dose 335 (SD 31) g) had similar vasopressor efficacy as that of ephedrine. The umbilical artery pH was significantly higher in the phenylephrine group.
At term the uterine vascular bed is maximally Figure 2 Effect of vasopressor use (number of doses of vasopressor given) on umbilical artery pH in the ephedrine (E) and phenylephrine (P) groups.
vasodilated and unable to autoregulate when perfusion pressure is reduced [16] . Consequently, a high adrenoceptor density renders uteroplacental blood flow (UPBF) potentially vulnerable to vasoconstriction induced by ␣-adrenergic agonists. Indeed, infusion of phenylephrine at 8 g kg 91 min 91 has been reported to reduce ovine UPBF by 50 % [17] . However, the relationship between phenylephrine dose and uterine vascular resistance (UVR) is not linear and dramatic increases in UVR seem only to appear with doses greater than 100 g min 91 [4] . Thus, the satisfactory fetal outcome in human studies may simply reflect the lower doses used, although it is worth noting that three women in the present study were given a total dose of 1000 g phenylephrine. The umbilical artery pH values were 7.33, 7.30 and 7.25, the first being the highest in the whole study.
More than 50 % of women given phenylephrine in the current study developed significant bradycardia. A reduction in heart rate is a consistent effect in phenylephrine-treated women [5] [6] [7] although only Hall and colleagues [6] encountered bradycardia requiring treatment with atropine (heart rate : 40 min 91 in 2/10 subjects). Bradycardia could be caused by cardiac sympathetic denervation associated with high spinal block or a secondary baroreflex response to vasopressor-induced hypertension. In the current study there was no difference in extent of anaesthesia achieved. We were unable to find any relationship between either bradycardia or use of atropine and a hypertensive response to phenylephrine. This suggests that phenylephrineassociated bradycardia was caused by cardiac sympathetic denervation masked in the ephedrine group by the chronotropic effect of this ␤-adrenergic agonist.
Cardiac output was measured by combined Doppler and cross-sectional echocardiography. Values before and after fluid preloading are in close agreement with those published previously [11, 18] . In the present study initial aortic diameter measurements were used for all calculations of CO. We feel this is justified as aortic diameter is unlikely to change significantly during regional anaesthesia for Caesarean section [11, 18] . Umbilical artery Doppler waveforms were used to assess fetal wellbeing. In contrast with a previous study [11] , we found no change in UAPI during spinal anaesthesia. Changes in previously normal umbilical artery waveform indices are generally associated with reductions in UPBF sufficient to cause fetal acidosis [19] . Thus the difference in UAPI results may reflect the lower UA pH in our earlier study.
